MgZnO alloys are potentially important semiconductors for UV optoelectronics and other applications. Since device heterostructures are under significant strain, it is important to determine the elastic properties of these materials, in the bulk and nanoscale. In this work, the equations of state were obtained for ZnO and Mg x Zn 1Àx O alloys under hydrostatic pressure, using x-ray diffraction. The equations of state were found to be insensitive to Mg content up to x ¼ 0.2. The pressure dependence of the c=a ratio also did not depend on Mg content, within experimental uncertainty. Combining these results with previous ultrasonic measurements, the following elastic constants were determined to be valid for wurtzite Mg x Zn 1Àx O (x 0.2): C 11 ¼ 207 GPa, C 12 ¼ 118 GPa, C 33 ¼ 210 GPa, and C 13 ¼ 106 GPa. These elastic constants yield a bulk modulus of 143 GPa and c=a slope of À3 Â 10 À4 GPa À1 . Nanocrystals showed the same bulk moduli as their bulk counterparts. However, nanocrystals showed consistently steeper c=a slopes, suggesting subtle differences in their elastic constants.
I. INTRODUCTION
With a direct gap of 3.4 eV at room temperature, ZnO is a wide bandgap semiconductor that emits light in the near-UV region of the spectrum. 1 The high efficiency of the emission makes ZnO a strong candidate for solid-state white lighting. 2 Heterostructures that incorporate ZnO and its alloys, such as MgZnO, may be under significant strain. These strains have a profound effect on the optical, structural, and piezoelectric properties. 3 In general, knowledge of the elastic constants is required to model the performance of device heterostructures accurately. In addition, pressureinduced phase transitions in MgZnO are of fundamental interest. In this paper, we report the results of x-ray diffraction experiments on Mg x Zn 1Àx O alloys, for Mg content up to x ¼ 0.2 and pressures up to 12 GPa. These results provide comprehensive structural information for the technologically important composition range of the MgZnO alloy system. We also report the results of x-ray diffraction experiments on bulk ZnO and nanoparticles of ZnO to pressures over 10 GPa.
II. EXPERIMENT
Samples of bulk ZnO, Mg 0:1 Zn 0:9 O, Mg 0:2 Zn 0:8 O were synthesized as follows. The appropriate molar ratio of precursors were milled in a Retsch planetary ball mill for 3 h at 100 rpm in isopropanol. The resulting material was dried and then pressed into pellets. The pellets were then annealed at 1100 C in air for 36 h using a Lindberg/Blue M tube furnace, resulting in grain sizes of $ 1 lm. We refer to these as bulk samples. The pellets were broken up into samples of the desired size. ZnO nanocrystals $ 20 nm in diameter were synthesized by solid-state pyrolytic reaction. 4 Previous work on ZnO and Mg 0:15 Zn 0:85 O nanocrystals with diameters $ 40 nm is reported by Zhuravlev et al.
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The samples were loaded into piston-cylinder type diamond anvil cells. 6 Using diamonds with 600 lm diameter culets, we preindented each stainless steel gasket to a thickness of $ 25 lm and drilled a 300 lm diameter hole in the center of each indentation. A 4:1 methanol-ethanol mixture was used as a hydrostatic pressure medium, which is adequate for pressures up to $ 10 GPa. 7 Ruby chips were inserted for measuring pressure by the R1 and R2 peak shifts, using the Mao scale. 8, 9 Pressure was measured before and after each x-ray spectrum was taken, and averaged to yield the experimental value for pressure. We estimate these values to be precise within 0.1 GPa. For all pressures measured the ruby peaks remained well resolved, suggesting that the pressure medium remained nearly hydrostatic.
The XRD experiment was performed at the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory, beamline 12.2.2. 10 Spectra were collected at one wavelength (k ¼ 0:3543 A o ) by a high resolution MAR3450 image plate detector. Diffraction images were integrated using FIT2D, 11 and Le Bail fitting performed using GSAS. 12 For the Le Bail refinement, the free parameters for each phase were the lattice parameters and a peak width independent of angle. All experiments were performed at ambient temperature.
Samples were loaded to pressures of $ 1 GPa. Spectra were recorded both for compression and decompression, and for Mg 0:2 Zn 0:8 O we also measured spectra on recompression. We observed no systematic differences in measured lattice parameters between compression and decompression runs.
Lattice volumes as a function of pressure were fit to the Birch-Murnaghan equation of state, where V 0 is lattice volume at ambient pressure and temperature, K 0 is bulk modulus at ambient pressure and temperature, and K 0 is the pressure derivative of bulk modulus at ambient pressure and temperature (which was constrained to 4 in all fits).
III. RESULTS
In the following sections we describe the results in detail for bulk ZnO (Sec. III A), bulk Mg x Zn 1Àx O (Sec. III B), and ZnO nanocrystals (Sec. III C). The results for all the materials studied in this work are summarized in the following tables. The equation of state parameters and the ratio c=a as a function of pressure for the wurtzite phase are presented in Table I . The equation of state parameters and phase transition pressures for the rock salt phase are presented in Table II. A. Bulk ZnO Figure 1 shows XRD spectra for bulk ZnO at 8 GPa and 9 GPa. In the 9 GPa spectrum, the appearance of new diffraction peaks indicates a phase transition from the wurtzite to the rock salt crystal structure. We observed the phase transition for bulk ZnO to begin at a pressure between 8.0 GPa and 8.3 GPa, with a coexistence of the two phases up to 9.7 GPa. These results are in overall agreement with previous experimental work 14 and first-principles calculations, 15 which indicate a phase transition at 9 GPa for bulk ZnO. When ZnO is decompressed, the rock salt phase persists down to $1 GPa.
Our experimental results for the equation of state for the wurtzite phase are shown in Fig. 2 and the c=a ratio is plotted in Fig. 3 . The equation of state for the rock salt phase is shown in Fig. 4 . As shown in Table I , we find a bulk modulus for the wurtzite phase of 139(8) GPa, in agreement with prior results. 16 The slope of the c=a ratio, determined by a linear least-squares fit, was À3:4ð12Þ Â 10 À4 GPa À1 . This value agrees with that of Desgreniers À5ð1Þ Â 10 À4 GPa À1 within experimental uncertainty. We now use the results of high-pressure XRD measurements to determine an accurate set of elastic constants C ij for bulk ZnO. For a wurtzite crystal under hydrostatic pressure P, stress and strain are related by
where a and c are lattice parameters at ambient conditions; compressive stress and strain are defined to be positive. Higher order elastic constants 17 are neglected. From these equations, the strains are given by
The bulk modulus at low pressure is defined
where the volume equation is given by
From Eqs. (3)- (6), the bulk modulus is
In addition to the bulk modulus, we also measured the c=a ratio versus pressure. From Eqs. (3) and (4), the slope of the c=a versus pressure plot is given by
As reviewed by Ö zgür et al., 16 the experimentally obtained elastic constants C ij vary over a wide range. Table III shows the elastic constants, along with the bulk modulus (Eq. (7)) and c=a slope (Eq. (8) 19 For Mg 0:2 Zn 0:8 O the phase transition from wurtzite to rock salt was observed at 9.7 GPa, and the rock salt phase persisted on decompression to a pressure between 1 GPa and 2 GPa. Recompression of Mg 0:2 Zn 0:8 O yielded a phase coexistence between 7 GPa and 10 GPa.
The equation of state parameters for the wurtzite phase of the two samples do not differ significantly from those for bulk ZnO. Consequently the discussion of Sec. III A regarding elastic constants of bulk ZnO applies equally well to the MgZnO samples. We find that the ratio c=a decreases slightly with increasing Mg concentration, in agreement with previous thin-film studies. 20 For the rock salt phase, the The insensitivity of the bulk modulus to Mg composition is consistent with first-principles calculations by Limpijumnong and Lambrecht. 21 In that work, wurtzite MgO was found to be energetically unstable. When the c=a ratio was held fixed, the calculated bulk modulus was 137 GPa, essentially the same as that for ZnO. Hence, Mg content does not affect the equation of state. The calculations of Gopal and Spaldin, 22 in contrast, produced ZnO and MgO bulk moduli of 153 GPa and 92 GPa, respectively. These values suggest that the bulk modulus should drop with increasing Mg content, a conclusion that is not supported by our experiments.
C. Nanocrystalline ZnO
Our experimental results for the equation of state of the wurtzite phase of $20 nm ZnO may be found in Fig. 2 . c=a as a function of pressure for $20 nm ZnO may be found in Fig. 3 . The equation of state of the rock salt phase of $20 nm ZnO may be found in Fig. 4 .
We find the wurtzite to rock salt phase transition at 11.9 GPa; the rock salt phase persists on decompression to below 1 GPa. The higher phase transition pressure, as compared to bulk, is consistent with prior results 23 and has been attributed to the large surface-to-volume ratio of nanocrystals. 24 The bulk moduli for the nanocyrstalline samples are the same as those for the bulk, to within experimental uncertainty. However, nanocrystalline ZnO and MgZnO consistently show steeper c=a slopes than their bulk counterparts (Table I) . This difference could arise from subtle changes in the elastic constants, which have a strong effect on the c=a slope.
IV. CONCLUSION
Using powder x-ray diffraction, we determined the bulk modulus and pressure dependence of c=a for bulk Mg x Zn 1Àx O with x ¼ 0, 0.1, 0.2 and ZnO nanocrystals. The bulk moduli and c=a slopes were insensitive to Mg concentration, in agreement with the calculations of Limpijumnong and Lambrecht 21 but in apparent disagreement with those of Gopal and Spaldin. 22 By comparing the results with previous ultrasonic measurements, we determined an accurate set of elastic constants (Table III) for this technologically important alloy. Nanocrystals showed steeper c=a slopes than their bulk counterparts, likely due to slight differences in the anisotropy of the elastic constants.
The onset of the wurtzite-to-rock salt phase transition occurred in the pressure range 6.4 GPa-8.3 GPa for the bulk samples (Table II) . The varying results may be due to the presence of small amounts of rock salt crystals in some samples, which serve as nucleation sites. Future experiments that measure phase transitions upon compression and decompression may help to resolve this issue.
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We would like to thank Simon Clark, Bin Chen, and the beamline 12. (12) GPa. The phase transition was observed to occur gradually on compression from 6.4-8.9 GPa, and to persist on decompression down to 0.9 GPa.
